Prospects for observation of a narrow tt-resonance at the Large Hadron Collider (LHC) with the ATLAS detector are studied. As a typical example of the tt-resonance, an extra neutral Z boson with masses of 1.0, 1.5 and 2.0 TeV/c 2 was used. The full and fast simulations of the ATLAS detector were performed with the ATLAS software ATHENA. Minimal cross-sections of the Z -like tt-resonance production at the LHC are estimated which allow observation of this tt-resonance state on the basis of 5, 10, and 100 fb −1 of data statistics.
Introduction
The top quark is the heaviest known elementary particle. Since there arebound states (mesons) of all other quarks, it is natural to expect the existence of the tt bound state as well. There are many theoretical models that predict existence of heavy enough neutral resonances which can decay into the tt pair. For example, in the Standard Model (SM) the Higgs Boson, if it has rather large mass, can naturally decay into the tt pair (see Fig. 1 ). One can see from Fig. 1 that the probability for the SM Higgs to decay into the tt pair is relatively small. For instance, for M Higgs = 500 GeV/c 2 its width is ∼ 60 GeV/c 2 and the branching ratio Br(Higgs → tt) ∼ 0.17 [2] .
More detailed studies of the Higgs → tt-decay can be found in [3] . Nevertheless, the probability of existence of heavy resonances decaying into the tt pair, in general, increases in models beyond the SM such as the Technicolor Model [1] and in some others with strong electroweak symmetry breaking [4, 5] . Furthermore, if the SM is extended by additional gauge symmetries or embedded into a larger gauge group, the new heavy, electrically neutral gauge bosons (called extra Z bosons) usually appear. These extra neutral bosons mix with the ordinary Z boson of the SM and make their contributions to all processes which are governed by the weak neutral currents. The non-observation of these contributions constrains the allowed range of Z -boson masses and Z Z mixings. In particular, the low-energy phenomenology of superstring inspired extra Z bosons is well studied in e + e − -, ep-, pp-interactions, (see for example [6, 7] ). Typically the experimentally allowed masses of these extra Z -bosons are rather large. For example, recently the CDF collaboration has presented the constraint M Z > 850 GeV/c 2 at the 95% condence level [8, 9] .
In the Large Hadron Collider (LHC) at CERN the energy of colliding protons will reach the maximal available value of 14 TeV (in center-of-mass system). On the one hand, this energy allows direct production of new, not yet detected, heavy mass (resonance) states and, in particular, the above-mentioned neutral extra Z bosons with masses far beyond the CDF constraint of 800900 GeV/c 2 . On the other hand, it is well-known that the LHC will be a new powerful factory for the top-quark production. In fact, about 8 million events with tt-pairs are expected in pp-collisions after one year of the LHC operation at low luminosity (10 33 cm −2 s −1 ). Therefore, it is very natural and promising at the LHC to search for massive neutral resonances (like Z bosons) using these copiously produced tt-pairs. To this end we have investigated the prospects for detection of massive neutral Z bosons with masses 1000, 1500 and 2000
GeV/c 2 by means of the ATLAS detector at the LHC.
Our investigation relies on analysis of both fast and full simulation data. The fully simulated background sample is produced by the ATLAS Top Working Group (5200 Computing System Commissioning (CSC) sample). This sample includes 147000 tt events generated using MCatNLO [10] Monte Carlo generator with rejection of fully hadronic (multi-jet, see next section) events. The fast simulation for this sample was done by the authors without rejecting fully hadronic events, i.e. 420000 tt events were generated, which corresponds to about 147000 tt events with rejection of fully hadronic events. Also, 4 million tt events (corresponding to approximately 5 fb −1 of data) were generated with the Pythia (version 6.3) generator [11] with all tt pair decay channels. [14] and full simulations of the ATLAS detector the ATHENA release 11.0.41 was used with the top quark mass 175 GeV/c 2 . The structure function of protons is described by CTEQ6 [13] . For reconstruction of jets the jet cone algorithm with ∆R = (∆η) 2 + (∆φ) 2 = 0.4 was applied. Here η is the jet-particle pseudorapidity dened as η = − ln tan(θ/2) and φ is the jet-particle azimuthal angle.
Given the generated samples of the data, one rst of all has to choose a topology of the tt-pair containing events. With this topology one can select potential signal (tt from Z decay) events from the full data sample. Next, one has to reconstruct from the selected data both top and anti-top quarks, the Z -boson decay candidates. Further, one has to calculated the common invariant mass for these t-andt-quarks and compare it with the input mass of the Z boson. In the case of coincidence (within reasonable errors) one has a correct reconstruction of the Z boson. Finally, comparison of the correctly reconstructed number of Z bosons with the input number of generated Z bosons allows one to estimate the prospects for successful search for these Z bosons with the ATLAS detector at the LHC. All these steps are carried out below. • Multi-jet sample accumulates 65.5% of all tt events, where both W -bosons decay to the quark-antiquark pair (tt → W W bb → (jj)(jj)bb). However, these events suer from a very large background from QCD multi-jet events.
• Dilepton sample contains 4.9% of all tt events, where each W -boson decays leptonically (tt → W W bb → (lν)(lν)bb). Background processes for these events are Drell-Yan processes, processes with Z-boson+jets, two Wbosons+jets and bb pair production.
• Single lepton plus jets sample possesses 29.6% of all tt events, where one W -boson decays leptonically and the other W -boson decays hadronically (tt → W W bb → (lν)(jj)bb, l = e, µ). Background processes are W -boson+jets, Z-boson+jets, Z-boson pairs, W -boson pairs, W -boson and Z-boson production.
Looking for the tt-resonances we will analyze the single lepton plus jets (in short, l+jets) events (Fig. 2) , because selection criteria for this channel give the best signal-to-background ratio [1] .
2.1
Selection of the single lepton plus jets tt-decay channel These l + jets events are characterized by the presence of the only one isolated charged lepton (e or µ) with large transverse momentum, large transverse energy loss (carried away by the neutrino) and four or more hadronic jets, two of which are b-jets. The above-mentioned high-p T isolated electron or muon allows the l + jets events to be triggered eciently. Nevertheless there are l + jets background processes with the same nal state signature. They are given in table 2 together with the l + jets signal-like process. In particular, from this table one can compare the cross-sections of these background processes with the cross-section of the signal-like process tt → W W bb → (lν)(jj)bb. For the signal-to-background ratio this comparison gives a very small value (≈ 10 −5 ). 
To suppress this high background and to single out desirable l + jets events the following kinematic restrictions (cuts) have been applied:
1. The presence of one charged isolated lepton with a transverse momentum p T > 20 GeV/c in the pseudorapidity region |η| < 2.5 is required (to single out the W -boson from the top or antitop quark decay).
2. The total transverse energy loss in the event should satisfy the condition E miss T > 20 GeV (due to escaping neutrino from the leptonic decay (W → lν) of the above-mentioned W -boson).
3. The presence of at least 4 hadronic jets with a transverse momentum p T > 40 GeV/c in the pseudorapidity region |η| < 2.5 is required, two of these hadronic jets must be the b-jets.
In general, about 8 million events with tt-pairs are expected in the pp-collisions after one year of the LHC operation at low luminosity. Approximately 5% background and about 14% signal l + jets events passed all these selection criteria. The larger number of the remaining signal events could be explained by the fact that since the Z boson is very massive, the transverse momenta of the top quarks from the Z decay are typically larger than the transverse momenta of the top quarks from the direct production of the tt pairs. For the background and signal events, remaining after application of the above-mentioned selections, the distributions in missing transverse energy and in transverse momentum of the b-jets are given in Figs. 3 and 4 , respectively. This rejection strongly reduces the number of events with low transverse missing energies.
From Fig. 3 one can see that contrary to the background distributions, all signal-containing distributions have in general much more events with rather large values of the transverse missing energy. The same tendency is seen very clearly from Fig. 4 for the background and signal distributions in the transverse momentum of b-jets. Therefore, requiring, for instance, a rather large transverse momentum of a b-jet, one can eectively separate potential signal events from the background data sample.
Reconstruction of invariant masses of the top quarks
There are leptonic decay of the t-quark (ort-quark) and hadronic decay of thet-quark (or t-quark) in the l + jets decay channel of the tt pair. In what follows, if not stated otherwise, we do not distinguish electric charges of quarks and consider, for example, both t andt as a top quark. The leptonic decay of the top quark (t → W b → lνb) is characterized by one isolated lepton (electron or muon), missing energy from the neutrino and a b-quark in the nal After application of the selection criteria (subsection 2.1) to all generated l + jets samples one has a set of events which contain at least two or more light-quark jets (with p T > 40 GeV/c and |η| < 2.5). On the basis of this new event sample one should reconstruct both top quarks (and only afterwards one can try to make the wanted Z boson from these t andt quarks). To begin the reconstruction of the rst top (or anti-top) quark via its hadronic decay (hadronic top quark) one has to nd (among all possible light-quark jets in the chosen l + jets event) only two light-quark jets which can result from the hadronic decay of the W boson. To this end, the only one (true) combination of the two light-quark jets is selected, which gives reconstructed invariant jets mass m jj nearest to M 
where
jet are the energy and the momenta of the rst and the second jet, respectively.
To obtain the invariant mass of the hadronic top quark
one has to associate the above reconstructed hadronic W boson with one of the two b-jets in the l+jets event. In fact, there are two possible ways to combine the W boson and the b-jets. For the true top quark (mass) reconstruction the W b-jet combination m jjb (see eq. (2)) with the highest transverse momentum is used. Unfortunately, due to inevitable errors in choosing (mismatching) and/or overestimating the energy of light-quark jets, the distributions of the reconstructed hadronic W boson have a rather extended tail in the region m jj > 100 GeV/c 2 ( FullSim_M Figure 6 shows the accuracy and quality of the hadronic top quark mass m h t reconstruction from the generated background and signal data samples.
The next step is reconstruction of the second, leptonic, top quark mass
There is a problem related to the (unknown) neutrino longitudinal momentum p ν z . Assuming that all missing energy in the selected event is due to the neutrino from the W -boson decay (W → lν), i.e. p ν T = E miss T , the neutrino longitudinal momentum can be calculated from the relation of the W -boson decay:
This equation has either two real solutions for p ν z or no real solution at all. In the latter case, due to the neutrino transverse momentum overestimation, the event is rejected. About 2030% of all events are rejected in the fast simulated samples, whereas in the fully simulated samples about half of events were rejected (see table 3 ). Table 3 : Fraction of events with real solutions of equation (4) for the leptonic top quark.
Pythia bkg Herwig bkg
Full simulation 51% 47% 47% 48%
Such dierence may result from dierent precision in determination of the missing transverse energy in the fast and full simulations. For the reconstruction of the leptonic top quark, the real solution of (4) Before calculation of the invariant mass of the Z boson from the above-mentioned top quarks, we discuss some most important systematic uncertainties involved in the analysis.
2.3
Overlapping of jets from the hadronic top quark decay
One of the features decreasing the accuracy of the reconstructed top quark is an overlapping of the jets from the hadronic top quark decay. We expect that overlapping would be more pronounced in the signal samples. Since masses of the Z resonances are rather high (12 TeV/c
2 ), the transverse momenta of their decay products are also expected to be rather high. As a consequence of the high transverse momenta, the b-jet and two light-quark jets could move closer to each other in the η-φ space with ∆R smaller than ∆R = 0.4, value used in the reconstruction jet algorithm (see Fig. 3 and 4) . This overlapping eect is studied at the parton level with the b-quark and two light-quark jets from the hadronic top quark decay with p T > 40 GeV/c in the events that passed the single lepton plus jets selection criteria for the fully and fast simulated samples. Since, for the reconstruction of the jets the jet cone algorithm with ∆R = 0.4 is applied, it is assumed that there is overlapping if ∆R between b-quark and any of two light quark or between two light quarks is less than 0.4. 
The fraction of the events with overlapping increases with the resonance mass and the overlapping between the b-quark and any of two light quarks is higher than between the two light quarks (table 4) . At the same time, the correlations between two light-jets and the b-quark from the leptonic top quark or between only the b-quarks were not studied since the decay products of the leptonic and hadronic top quarks have dierent verticies and, consequently, their overlapping is negligible. The analysis performed in this subsection shows that the results obtained on the jet overlapping should be taken into account in further more detailed studies of the b-jet and top-quark reconstructions.
2.4
Reconstruction of the invariant mass of the tt-system
To reconstruct the invariant mass of the tt system 2 . Figure 10 shows the distributions of the reconstructed invariant masses of the tt system under these restrictions. 
2.5
The new method of improvement of the tt system invariant mass
The main idea of this new method is based on the assumption that the transverse momenta of the top quarks from the tt-resonance decay is larger than the transverse top quark momenta in the case of direct tt-pair production. 
FullSim_M
It is seen that signal distributions are remarkably shifted to the larger P h,l T values for both top quarks. This feature can be used for signal-from-background separation. To obtain a specic top-quark transverse momentum value (a P top T -cut value) which can optimize the above-mentioned separation one has to satisfy the following conditions: both the signal / bkg and N S1 / N bkg1 ratios should be maximal (to obtain the maximal purity of reconstructed events) and N S1 > 10 (which provides the minimal number of signal events for the evidence threshold in the case of absence of background events). Here signal = N S1 /N s−all , bkg = N bkg1 /N bkg−all , N S1 and N bkg1 are numbers of signal and background events after the use of the P top T -cut, and N s−all and N bkg−all are numbers of signal and background events before the P top T -cut.
The Pythia-generated background sample (4 million events), the fast and fully simulated signal samples are analyzed with this method with the aim to estimate the necessary Z -boson pp-production cross-section to reach the 3σ-evidence level after half a year of the LHC operation at low luminosity. For the hadronic and leptonic top-quarks and all masses of the Z resonance reconstructed from the fully simulated data samples, some calculated values obtained by this method are given in Table 5 .
For applying the new method, the type of top quark (hadronic or leptonic) is chosen which gives the highest signal / bkg and N S1 / N bkg1 values (see table 5 The nal invariant mass distributions for the tt systems are reconstructed with the W boson mass cut for all data samples. To improve the accuracy of the tt-system reconstruction, the top quark mass cut together with this new method were additionally applied to the signal data sample with the Z mass 1.0 TeV/c As one can see from Figs. 12 and 13 the background sample distribution has the shape of a peak. This is due to the requirement of a high P T leptonic top quark which suppresses the low invariant masses of the reconstructed tt system while keeping the higher masses almost untouched. These background events completely cover the expected signal events. Therefore, it is rather dicult to observe the signal distribution as a peak above the background.
Nevertheless, we used the relation N S / N bkg to estimate condence levels (C.L.) for observations of the signals over background. These obtained condence levels (C.L.) are collected in Table 6 .
From the lowest row of Table 6 one can see that all estimated minimal cross-sections of the Z -boson production are at a level of some pb, and are signicantly larger than the Z -boson production cross-section (see Table 1 ) expected in the case where the Z boson has the same couplings as the ordinary Z boson in the SM. Therefore, in fact, we have considered here a Z -boson-like resonance state decaying into the tt pair. In particular, we found (see Table 6 ) that the production cross-section of the tt resonance with the mass 1.0 TeV/c 2 should be at least 4 pb to provide evidence for its registration at the 2.8σ C.L. In other words, if there is a tt-resonance with a mass about 1.0 TeV/c 2 and it can Table 6 : Condence levels (C.L.) and relevant minimal cross-sections of the Z -boson production at the LHC, which promise an observation of this Z boson via its decay into the tt pair by means of investigation of the l + jets (fast and fully simulated) data samples at the integral luminosities of 5, 10 and 100 fb −1 . be produced at the LHC energy 14 TeV with a total cross-section of about 4 pb, then one can detect its decay into the tt pair (at 2.8σ C.L.) through investigation of l + jets nal states of the tt-pair decay when the full data statistics is 5 fb −1 . The generalization of this situation to the larger data statistics of 10 and 100 fb −1 is given in Table 6 and Fig. 14. In particular, it is seen from Fig. 14 that already 1 year of data taking at the LHC with the low luminosity (10 fb −1 statistics) allows one to improve signicantly (factor 23) the minimal tt-resonance production cross-sections, which promises observation of the tt-resonance at the 5σ-C.L. On the other hand, it is seen that if the tt-resonance production cross-section at the LHC appears to be smaller than 0.20.4 pb, it will be hardly possible to discover such a tt-resonance even with rather large statistics of 100 fb −1 by means of only investigation of the l + jets nal states of the tt-pair decay.
Conclusion
Prospects for observation of a narrow tt-resonance at the Large Hadron Collider with the ATLAS detector are studied. As a typical example of the tt-resonance, an extra neutral Z boson with masses of 1.0, 1.5 and 2.0 TeV/c 2 was explored. The full and fast simulations of the ATLAS detector were performed with the ATLAS software ATHENA.
In fact, the fast simulated background sample with the number of tt events corresponding to about 5 fb −1 of expected data statistics as well as the fast and fully simulated signal samples with presence of the Z boson decaying into the tt pair were considered. The lepton plus jets decay mode is used for separation of the tt pair from the background. The new P top T cut-o method allowed us to improve the accuracy of the reconstructed invariant mass of the tt system.
After full reconstruction of the ATLAS detector the method allowed us to estimate the minimal cross-sections of the Z -like tt resonance production at the LHC which promise observation of this tt-resonance state at the 5σ condence level on the basis of 5, 10 and 100 fb −1 of data statistics.
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